T HE management of patients with vertebrobasilar insufficiency (VBI) varies greatly. 2"6"8' 9' 13' 34 ' 46 Many authors believe that since few therapeutic options can be offered to these patients, no aggressive diagnostic procedures should be undertaken. 5' 28' 33' 35 ' 37 However, selective cerebral angiography offers a safe accurate way to establish vascular diagnosis in patients who have symptoms suggestive of VBI. 17'21'24'3~ The advent of anticoagulation therapy in the mid-1950's offered new hope since it supposedly decreased the progression of the symptoms, 2"8' 39' 46 but its value has never been substantiated in a randomized controlled study of patients with angiographically proven lesions. 43 Advances in anesthesia and in microvascular surgery have permitted a more aggressive approach to the management of these patients. 1,3,4,~ 1, 13.18.27.36,42,45 In this paper we review our recent experience with surgical reconstruction of the proximal portion of the vertebral circulation and the application of this procedure in the treatment of patients with VBI.
Summary of Cases
Fifty-five patients with symptoms of VBI were admitted to the Neurosurgical Service at Henry Ford Hospital between July, 1980, and May, 1983 (Table 1) . They ranged in age between 45 and 85 years, with a mean age of 63 years; 34 were men and 21 were women; 47 were white and eight were black. Risk factors in- :~ PCoA = posterior communicating artery; both ffi seen on the left and right sides. w In these patients vertebral-to-carotid transposition was performed simultaneously with carotid endarterectomy because of the severity of vertebral stenesis.
I These patients had multiple syncopal events. eluded hypertension in 32 patients, diabetes mellitus in eight, coronary artery disease in 23, and chronic obstructive pulmonary disease in four. The combined clinical grade of the patients, as described by Sundt, et al., 41 was 2.5 (range 2 to 4). The clinical diagnosis of VBI was made according to the criteria of Whisnant, el a/., 46 which require two or more of the following symptoms: motor or sensory symptoms or both, occurring bilaterally in the same event; diplopia; dysarthria; or bilateral homonymous hemianopsia (Table 1) . Nine patients had permanent neurological deficits compatible with a mild cerebral infarction, and the rest presented with symptoms consistent with transient cerebral ischemia of the posterior circulation. Thirty-seven were receiving aspirin and 15 were receiving Coumadin (sodium warfarin) preoperatively (Table 1) . Most patients had multiple angiographic abnormalities, including bilateral vertebral stenosis in 19 cases, unilateral vertebral stenosis and contralateral occlusion in 18, unilateral vertebral hypoplasia and contralateral stenosis in 10, subclavian artery stenosis with steal in seven, and bilateral vertebral artery occlusion in one case.
Forty-eight patients were treated with transposition of the vertebral artery to the ipsilateral carotid artery (Fig. 1 ). Of these, 30 (56.9%) underwent transposition alone, and 18 (23.6%) had an associated carotid endarterectomy performed on the ipsilateral carotid artery simultaneously. Seven (11.1%) underwent a vertebral artery endarterectomy before the transposition was completed. Two other patients (2.8%) had saphenous vein grafts, one from the subclavian artery and one from the ipsilateral common carotid artery to the vertebral artery: the proximal and distal anastomoses were performed end-to-side in both cases. The vertebral artery was transposed to the thyrocervical trunk in two F. G. Diaz, et al.
patients and to the subclavian artery in a third. There was one endarterectomy of the vertebral artery origin and one ligation of the vertebral artery origin.
A vertebral-to-carotid transposition was completed simultaneously with a carotid endarterectomy in seven patients who presented with carotid transient ischemic attacks. The decision to proceed with the reconstruction of the vertebral artery was based strictly on the severity of the bilateral vertebral artery lesions.
Surgical Technique
The transposition of the vertebral artery is completed in the following manner. A vertical incision is made along the anterior border of the sternocleidomastoid muscle (SCM), extending from the sternoclavicular joint approximately 10 cm up the neck. The platysma is incised, and the SCM is separated from the peritracheal muscles, as for a standard carotid endarterectomy. The jugular vein is retracted laterally alongside the SCM, and the carotid sheath is entered. This procedure exposes the common carotid artery, and, when required, the external and the internal carotid arteries. The SCM's are then displaced laterally, and the posterior cervical fascia is exposed.
The transverse process of the C-6 vertebra is identified by palpating the carotid tubercle, and the vertebral artery is identified by dissecting the space between the anterior scalene muscle insertion and the insertion of the longus colli muscle onto the carotid tubercle. The inverted V left by the insertion of these two muscles marks the entry point of the vertebral artery into the foramen transversarium. Generally, a large vein is located over the vertebral artery, and when this is carefully moved aside the vertebral artery can be identified. The vertebral artery is then dissected proximally until its origin from the subclavian artery is reached. The surgeon must be careful to identify, ligate, and/or coagulate with a bipolar coagulator the lymphatic channels draining into the subclavian vein. On the left side, the long thoracic duct frequently has two or three additional tributaries and lies over the vertebral artery near its origin; on the right side, the endolymphatic duct is generally single and smaller. When the operation is conducted on the left side, the recurrent laryngeal nerve is seldom seen in the operative field, whereas on the right side the recurrent laryngeal nerve is most frequently identified below the origin of the inferior thyroid vein. This nerve must be preserved, and no undue retraction should be used (Fig. 2) .
After the vertebral artery has been completely dissected, the patient receives 5000 units of intravenous heparin. A ligature and a silver clip are then placed at the origin of the vertebral artery, a temporary clip is placed on the vertebral artery at the level of the foramen transversarium, and the artery is then transected. On four occasions, it has been necessary to unroof the vertebral artery by removing the anterior surface of the foramina transversaria with rongeurs. As the artery enters the foramen transversarium, it is surrounded by a plexus of veins that must be carefully cauterized with a bipolar coagulator and divided before the artery can be completely mobilized. After a sufficient length of artery has been exposed, the origin is ligated and transected and the distal end occluded with a temporary clamp, A fishmouth opening is then made at the origin of the vertebral artery. When a stenotic plaque is identified, it is excised by gently separating the plaque and everting the vertebral artery over the plaque until the plaque is totally removed. At this time the patient is given 250 mg of intravenous thiopental, and a segment of the ipsilateral common carotid artery is isolated between two clamps below the bifurcation. A 4-or 5-mm hole is made with an arterial punch in the common carotid artery and an end-to-side anastomosis is completed under magnification from the vertebral to the carotid artery with running 6-0 or 7-0 monofilament nylon. The clamps are then removed and flow is reinstituted, generally within 20 to 30 minutes of crossclamping of the carotid artery (Figs. 3 and 4) .
Interposition saphenous vein grafts are placed in a similar manner. After the vertebral artery is exposed, as described previously, the SCM is detached from its sternal and clavicular attachments. The subclavian artery is exposed and isolated in its third portion beyond the scalenus anticus muscle. Care must be taken to identify and preserve the phrenic nerve during dissection. A saphenous vein graft is harvested from the leg in the usual manner. After the patient receives 5000 units of intravenous heparin, a segment of the subcla -FIG. 2 . Diagram illustrating the transposition of the vertebral artery to the proximal common carotid artery. The vertebral artery has been dissected from its origin to its entry into the sixth foramen transversarium. The origin of the vertebral artery is ligated and, after temporary distal dipping, the vertebral artery is anastomosed to the proximal common carotid artery (c. carotid a.). It is usually not necessary to detach the sternocleidomastoid muscle: the muscle is shown detached for demonstration purposes only.
vian artery is isolated between two clamps, a 4-or 5-mm hole is made in the subclavian artery wall, and an end-to-side anastomosis is completed under magnification with 6-0 or 7-0 monofilament nylon. A previously dissected segment of the vertebral artery is isolated between two clamps, a 4-mm incision is made in the vertebral artery wall, and an end-to-side anastomosis is completed with 7-0 monofilament nylon. Air bubbles are removed by releasing all clamps in sequence before the anastomosis is completely closed. When the anastomosis is completed, the clamps are removed and circulation is reinstated (Fig. 5) .
In those cases in which the vertebral artery has been transposed to the thyrocervical trunk or to the subclavian artery, the procedure and dissection are conducted as previously described until the vertebral artery has been dissected. The inferior thyroid artery usually crosses over the vertebral artery, and when followed proximally it leads to its origin from the thyrocervical trunk. This trunk is carefully isolated, all branches are temporarily clipped, and the vertebral artery is detached from its origin and then anastomosed end-to-side to the thyrocervical trunk. In the patient in whom the anastomosis was completed to the subclavian artery, the second portion of the subclavian artery was crossclamped, the vertebral artery was removed from its origin, and then the vertebral artery was anastomosed end-to-side to the subclavian artery.
Throughout the operation the patient's arterial pressure and urinary output are continuously monitored. Postoperatively, heparin reversal is not carried out, and patients receive antiplatelet agents (360 mg aspirin every 12 hours). During the postoperative period, it is important to maintain blood pressure within normal ranges. 38
Results
The symptoms of all except two patients resolved completely. In one case dizziness persisted, and in the other syncopal episodes occurred. Postoperative complications included vocal cord paralysis with temporary hoarseness in three patients and an elevated diaphragm ipsilateral to the cervical operation but without demonstrable respiratory difficulty in two patients. One patient had a superficial wound infection treated by surgical debridement, and another patient had temporary upper brachial plexus weakness. Thirty patients who underwent vertebral-to-carotid transposition had a transient Horner's syndrome, but this became permanent in only four. There were no deaths.
Postoperative angiography was performed on 52 patients: 54 anastomotic sites were patent and showed excellent filling of the area of endarterectomy and/or transposition. The only occlusion followed a vertebralto-thyrocervical artery transposition. Surgical approaches have been devised to treat the vertebral artery at different levels. Vertebral endarterectomy has been performed at the origin of the vertebral artery to remove the plaque at the site of stenosis. ~ ~' 14' ~5,21 This has been carried out by occluding the subclavian artery and opening the vertebral artery at its origin, by placing a patch graft in the area of endarterectomy, or by opening the subclavian artery itself and excising the plaque by a pull-through method." Although various degrees of success have been reported using these procedures, the vertebral endarterectomy is generally a difficult procedure at best. The subclavian artery is located below the clavicle, and the origin of the vertebral artery is deep under the clavicular head]: ~:6,22 Many surgeons have resorted to a clavicular osteotomy and lateral retraction of the clavicular segments, which are later rejoined, or to excision of the clavicular head. This procedure has resulted in non-union of the clavicular fragments or in the development of unsightly clavicular hyperostosis. 11 '14'16 The proximity of the origin of the vertebral artery to the recurrent laryngeal nerve on the right side and to the thoracic duct on the left side has also led to complications, such as the development of lymphoceles, fistulas, or permanent vocal cord paralysis:'~ 1,13,15 In some cases, pneumothorax has occurred because the pleural apex is close to the origin of the vertebral artery]'H Endarterectomy of the vertebral artery origin is technically difficult to accomplish because the area is restricted and exposure limited.
Discussion
Edwards, et aL, 1416 have described the surgical transposition of the vertebral artery to the carotid artery. This procedure has been completed successfully in over 200 cases, with limited morbidity and no mortality; however, the surgical indications have not been given in detail. TM 1,m5,36 Bleeding from the anastomotic site was the major difficulty they encountered) 6 The vertebral artery can also be transposed to other adjacent vessels, including the thyrocervical trunk or the subclavian artery itself. 15 Berguer and Bauer 6 have used saphenous vein graft interposition for vertebral artery reconstruction. The saphenous vein graft is anastomosed to the subclavian artery distal to the site of origin of the vertebral artery, and is then anastomosed end-to-side to the vertebral artery.6,11.13 Although this approach does not interrupt carotid flow, it requires a more extensive surgical exposure, which increases the risk of local morbidity. 6'3 Because two anastomoses are required, the operation takes a long time to perform. A possible complication of this procedure is that the vein graft may kink because of its length. 6'H'13 However, the patency of these grafts to date has been satisfactory. 6 It has been proposed that the vertebral arteries could be decompressed as they traverse through the foramina transversaria in cases of compression from osteoarthritic spurs. H The vertebral artery can be reached via an anterior approach that exposes the foramina transversaria through an incision in front of the SCM and that requires retraction of the muscle and jugular vein laterally and the carotid artery and peritracheal structures medially. 1113' 21"31 The foramina can also be reached through a more lateral approach: the incision is made on the posterior border of the SCM, which is then retracted medially while the scalene muscles are retracted posteriorly.ll'29 These approaches are quite extensive procedures, and postoperative complications include recurrent laryngeal nerve palsy, Homer's syndrome, accessory nerve palsy, or brachial plexus injury. 6'H'13'15 When the foramina transversaria are removed, the periosteum surrounding the vertebral artery must also be opened or areas of stenosis will remain on the vertebral arteriesJ 3 Also, the venous plexus that surrounds the vertebral artery can bleed copiously if not properly coagulated.13 '22 In cases in which the vertebral artery is occluded at the midcervical portion, an anastomosis using one of the branches of the trunk of the external carotid artery can be performed. 36 Saphenous vein grafts from the common or the external carotid artery to the more distal portions of the vertebral arteries have been shown to remain patent angiographically. 11'12 However, the more extensive dissection that is required to expose the vertebral arteries in the higher cervical area and to expose the common or external carotid arteries increases the risk of local mobidity.'l Aneurysms of the second portion of the vertebral artery can be excised and an end-to-end anastomosis completed, or the aneurysm can be isolated between two ligatures and the distal vertebral artery anastomosed to a branch of the external carotid artery or a saphenous vein graft. 36 In cases in which the second portion of the vertebral artery has become stenotic secondary to atherosclerosis, a local endarterectomy can be completed and flow reinstituted through a primary closure of the vessel. 13 In our experience, areas of atherosclerotic disease that affect the first portion of the vertebral artery can be handled successfully by a direct transposition of the vertebral artery to the carotid artery. The foramina transversaria can easily be removed to gain exposure in cases in which the first segment of the vertebral artery is too short to reach the carotid artery, although care must be taken to preserve the radicular arteries. The transposition of the vertebral artery to other vessels is generally much more difficult and, in our experience, it has not been as successful as the transposition to the carotid artery. These approaches were therefore abandoned early in our experience. The use of a saphenous interposition vein graft generally is more involved, although it offers the advantage of not having to occlude two main cerebral afferent vessels simultaneously, since the graft is generally done from the subclavian artery. However, because the saphenous interposition graft requires more extensive dissection, longer operating time, and increases local morbidity, its use is probably not warranted. Since we have found that direct transposition of the vertebral artery to the carotid artery does not produce any neurological complications, we prefer this technique to the venous grafting procedure.
Although temporary cerebral ischemia may occur during the cross-clamping of the carotid artery that is needed to complete a vertebral-to-carotid transposition, it is generally well tolerated.68"l ,,13.36 Extensive collateral branches from the external carotid and thyrocervical trunk are connected with the distal extracranial vertebral artery. 22 '25 These branches provide sufficient flow during the brief period of cross-clamping to prevent a neurological deficit from developing. We have observed that the back-bleeding that follows transection of the proximal vertebral artery before the anastomosis is usually profuse. We give a bolus of thiopental before carotid and vertebral artery cross-clamping, since we believe that it provides added protection during the occlusion period. 26 '45 This period has generally been brief; in most cases the anastomoses have been completed within 20 to 30 minutes. Rapid reestablishment of flow must have a beneficial effect since the period of occlusion is no longer than that required for a routine carotid endarterectomy, l 1, 13, 15 For patients who have stenotic lesions of the second portion of the vertebral artery, we have inserted a saphenous vein graft from the common carotid artery to the midportion of the vertebral artery without major difficulty. On two occasions when the second portion of the vertebral artery was affected by local disease, we mobilized the vertebral artery from the sixth and fifth foramina transversaria and directly transposed the vertebral to the carotid artery.
In conclusion, we believe that the approach to the vertebral artery should be handled in a specific manner relative to the pathology. The vertebral artery can be approached at multiple levels and, depending on the pathology encountered, the surgical procedures should be tailored to the needs of the individual case. For proximal lesions in the first and second portions of the vertebral artery, we have found that transposition of the vertebral artery to the carotid artery offers the simplest, safest way to reestablish flow into the vertebrobasilar territory.
